Abstract Background/Purposes: Routine cell number determination for specific Lactobacillus strain by cultivation requires at least 4e7 days. Thus rapid and specific cell number determine methods such as strain-specific quantitative PCR (qPCR) are valuable. However, qPCR method is vulnerable to difficult PCR target such as dimer/secondary structure forming sequence. Methods: In this study, a two-component, "Ct contrast" approach was applied to strain-specific qPCR system following the development of Lactobacillus paracasei subsp. paracasei NTU 101 (NTU 101) strain-specific PCR with random amplification of polymorphic DNA (RAPD)-derived strain-specific sequences. Results: The quantitative range of the NTU 101 strain-specific qPCR system was 3.0 Â 10 1 to 3.0 Â 10 5 copies for pure cultures, and 3.0 Â 10 2 to 3.0 Â 10 5 copies for multi-strain or unknown food samples. The results of spike in test and real sample testing suggested that non-specific weak background signals did not compromise test specificity, and demonstrated the potential of the NTU 101 strain-specific qPCR system in food samples.
Introduction
Lactobacillus strains are well-known lactic acid bacteria (LAB) that are used in foods and as probiotics, and there are many reports of their beneficial effects on human and animal health.
1e3 DNA/PCR-based methods such as random amplification of polymorphic DNA (RAPD), pulse-field gel electrophoresis (PFGE), and ribotyping have been widely used for bacterial strain discrimination. However, PCR methods that target the 16S rRNA gene or the intergenic spacer region between the 16S and 23S genes are not applicable at strain level because of the highly conserved Lactobacillus rRNA gene sequences. RAPD markers that derived from highly polymorphic genomic sequences usually also represent a potential strain-specific sequence region. Thus, the concept of RAPD-derived strain-specific sequence was developed and successfully applied to strain-specific detection of LAB and lactobacilli. Real-time quantitative PCR (qPCR) is the current method of choice for detecting and quantifying cell numbers. Several allele-specific methods such as allele-specific blocker PCR (ASB-PCR) have been successfully developed to detect minor sequence variations such as single nucleotide polymorphisms (SNPs). 7 Introduction of allele-specific qPCR strategy might help to establish strain-specific qPCR method that only minor sequence variation available.
Lactobacilllus paracasei subsp. paracasei NTU 101 (NTU 101; DSMZ 28047) was originally isolated from an infant, 8 and is a LAB used in yogurt and probiotic products. It benefits human health in several ways, including hypocholesterolemic, 9 anti-atherosclerotic, 10 anti-hypertensive, 11 antiosteoporosis, 12 and immunomodulating effects, 13, 14 as well as preventing infection, 15 gastric mucosal lesions, 16 and fat accumulation. 17 In this study, we established RAPD-derived NTU 101-specific PCR to detect NTU 101. Unfortunately, the NTU 101-specific sequence was difficult for routine qPCR assay due to its dimer/secondary structure forming trend. Thus a novel strategy which based on the "Ct contrast" of two qPCR assays to discriminate the background qPCR signal from close relatives of NTU 101 was developed for strainspecific qPCR detection of NTU 101.
Methods

Lactobacillus strains and cultivation
Thirty-four strains/species of Lactobacillus casei group lactobacilli (Table 1) and 70 strains/species of non-L. casei group lactobacilli (Table 2) were purchased from Bioresource Collection and Research Center (BCRC; Hsinchu, Taiwan). NTU 101 was provided by Professor Tzu-Ming Pan (Department of Biochemical Science and Technology, National Taiwan University).
DNA extraction, quantification, and sequence analysis
Lactobacilli DNA were extracted using a QIAamp â DNA mini kit (Qiagen GmbH, Hilden, Germany) according to manufacturer's instructions. Geneious R6-1 software (Biomatters Ltd., Auckland, New Zealand) was used for all DNA sequence analyses includes primer design, sequence assembly, and alignment.
Strain-specific PCR
The NTU 101-specific primers A3-5F3 (5 0 -CGCCGAACGC-GACTTACATC-3 0 ) and A3-5R3 (5 0 -GGCAAATTTAAACTTGCCT-TCAACG-3 0 ) were designed corresponding to the unique 
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Lactobacillus pentosus the A3-5 marker sequence of non-NTU 101 lactobacilli to inhibit non-specific qPCR signals ( Fig. 1(B) competitive primer A3-5ABR3, and 3 ng template DNA, was used for subsequent analyses. A second qPCR that targeted the L. casei group elongation factor Tu (tuf ) gene was also established to normalize the signal of the NTU 101-specific qPCR. The Tuf qPCR was designed based on the tuf gene sequence of NTU 101 (GenBank accession KF562021.1) and the forward primer PacaF1 ( Table 3 ) described previously. 20 The optimized tuf qPCR assay, using 150 nmol L À1 primer PacaF1/101spR, 200 nmol L À1 TaqMan probe PTUFR, and 3 ng template DNA, was used in subsequent analyses.
Validation of the NTU 101-specific qPCR system
The linearity, repeatability, and reproducibility of the system were assessed using a 10-fold serially diluted NTU 101 DNA standard curve in three independent qPCR experiments for both NTU 101-specific and tuf qPCR. The specificity of the NTU 101-specific qPCR system was tested using 34 strains/species of L. casei group lactobacilli (Table 1) .
Spike in test
Two spike in tests were conducted to validate the quantification of NTU 101 strain-specific qPCR system. The first spike in test were prepared by serial dilution of NTU 101 culture by addition of culture of L. casei subsp. casei BCRC 11197, which has minimum DCt A3-5 to NTU 101. Two milliliter of samples with 0, 0.1, 1, 10 and 100% NTU 101 of total CFU (1.26 Â 10 9 CFU/mL) were tested. In the second spike in test, 2.4 Â 10 3 , 2.4 Â 10 4 , 2.4 Â 10 5 and 2.4 Â 10 6 CFU of NTU 101 were added into 1 mL LCA506 yogurt (L. paracasei, 3.82 Â 10 6 CFU/mL; Wei Chuan Corp., Taipei, Taiwan). Two milliliter of samples were used for NTU 101 strain-specific qPCR system assay. paracasei BCRC 17002; 16100, L. paracasei subsp. paracasei BCRC 16100; 17483, L. paracasei subsp. paracasei BCRC 17483. Brown bar, primer set A3-5F2at/A3-5RU with probe PR1; red bar, primer set A3-5F2at/A3-5RU with probe PR1 and blocking oligo AB2; orange bar, primer set A3-5F2at/A3-5RU, probe PR1, blocking oligo AB2, and 5 n mol L À1 competitive primer ABR3; green bar, primer set A3-5F2at/A3-5RU, probe PR1, blocking oligo AB2, and 10 n mol L À1 competitive primer ABR3; blue bar, primer set A3-5F2at/A3-5RU, probe PR1, blocking oligo AB2, and 20 n mol L À1 competitive primer ABR3; violet bar, primer set A3-5F2at/A3-5RU only. abcd: Groups by significant difference in statistics (P < 0.05; Tukey's range test).
Real sample tests
To assess the capability of the NTU 101-specific qPCR system in various type of real samples, four commercial yogurt products (Wei Chuan Corp., Taipei, Taiwan) and one prebiotic product (SunWay Biotech Ltd., Taipei, Taiwan) were tested. The sample products Lin-Fung-Ying (LFY) sugar-free yogurt (Streptococcus thermophilus, Lactobacillus delbruekii subsp. bulgaricus, Bifidobacterium, and Lactobacillus acidophilus), LFY zero-fat yogurt (S. thermophilus, L. delbruekii subsp. bulgaricus, and NTU 101), LCA506 yogurt, ABLS yogurt (S. thermophilus, L. delbruekii subsp. bulgaricus, Bifidobacterium, and L. acidophilus) and the probiotic product Vigiis 101-lactobacillus (NTU 101) were purchased from a local supermarket. Three nanograms of sample DNA were used for the NTU 101-specific qPCR assay.
Statistical analysis
Tukey's range test was performed by using GraphPad Prism 5.0 software (GraphPad Software, Inc., La Jolla, CA, USA). Relative standard deviation of repeatability (RSD R ) was the coefficient of variation of three independent, each performed in triplicate. Relative standard deviation of the reproducibility (RSDr) was the coefficient of variation of triplicated experiments. PCR efficiency (E) was calculated from the slope of qPCR standard curve (E Z 10 (À1/slope) À 1).
Results
Strain-specific PCR design, and testing
The results of DNA sequencing and BLAST searches revealed two NTU 101-specific sites in the sequence of RAPD marker A3-5 ( Fig. 1(A) ). The primer A3-5F3 was designed according the first candidate strain-specific region with a unique trinucleotide (CCA) variation ( Fig. 1(A) ). The primer A3-5R3 was designed according the second candidate strainspecific region with a unique hepta-nucleotide deletion ( Fig. 1(A) ). A specificity test of 104 lactobacilli confirmed that primer set A3-5 F3/R3 was specific to NTU 101 among the lactobacilli strains used. However, the PCR efficiency and sensitivity of this primer set were unacceptably low ( Fig. 2(A) , <80% and >300 copies per reaction, respectively). Therefore, a set of mismatched primers/probes and competitive oligoes were designed based on AS-PCR and SNP analysis for the NTU 101-specific qPCR reactions (Table 3) .
Optimization of the strain-specific qPCR system
The optimization of the NTU 101-specific qPCR began using the standard TaqMan configuration with primer set A3-5F2at/RU and the probe PR1. The Ct difference between NTU 101 and other lactobacilli (DCt) was 12e15 (Fig. 3 , brown bar) under optimized qPCR condition. After optimization of the standard TaqMan components, the blocking oligo AB2 and competitive primer ABR3 were introduced to The specificity test of NTU 101-specific qPCR system revealed that significant Ct differences between NTU 101 and other L. casei group lactobacilli, ranging from 6.96 to >20 (Fig. 4(A) ). In contrast, the tuf qPCR results showed smaller Ct differences between NTU 101 and other L. casei group lactobacilli, ranging from À1.11 to 12.7 (Figs. 4(A)  and 5(A) ). The Ct difference between the NTU 101-specific and tuf qPCRs for NTU 101 was À0.36, which was significantly lower than for other L. casei group lactobacilli (DCt > 5). These results demonstrated that the NTU 101 strain-specific qPCR could differentiate NTU 101 from L. casei group lactobacilli at least 84-fold (6.96 DCt) of qPCR signal (Fig. 5(A) ).
Validation of the strain-specific qPCR system
The linearity and PCR efficiency of all NTU 101-specific and tuf qPCR assays were satisfactory (Fig. 2, R 2 > 0.99, and PCR efficiency 84.31e97.18%) in the range of the standard curves. The RSD r (repeatability) and RSD R (reproducibility) results were <4% in the range of standard curve (Table 4) , which indicates that the sensitivity and limit of quantitation of the NTU 101-specific and tuf qPCRs were 30 copies/assay. 21 
Spike in tests
The spike in test of NTU 101 strain-specific qPCR system indicated that the quantitation of NTU 101 was not significantly interfered with the presence of closely related species (Fig. 6(A) ). The linearity and PCR efficiency were also satisfactory over 2.4 Â 10 3 to 2.4 Â 10 6 CFU/mL in LCA506 yogurt (L. paracasei, 3.82 Â 10 6 CFU/mL) ( Fig. 6 (B) and (C)).
Decision tree of NTU 101 strain-specific PCR
To eliminate low-level false-positives, a L. casei groupspecific tuf qPCR 20 was adopted. The tuf qPCR Ct value (Ct tuf ) would be significantly larger than Ct A3-5 in a falsepositive sample (Fig. 5(B) and (C) ). In the specificity test, the Ct tuf À Ct A3-5 value of NTU 101 was À0.36, whereas those of other non-NTU 101 lactobacilli ranged from 6.96 to 18.44 (Fig. 4(B) ). Thus the combination of a Lactobacillus genus-specific tuf qPCR and the NTU 101 strain-specific qPCR allowed false positive samples to be identified by the high Ct contrast between Ct tuf and Ct A3-5 ( Fig. 4(B) ). Therefore, a systematic false positive exclusion rule was developed as a decision tree to ensure the integrity of the NTU 101 strain-specific qPCR system (Fig. 7) .
First, the amount of DNA templates used for qPCR assay was designated to 3 Â 10 5 copies to minimize the quantification bias caused by PCR efficiency difference. Samples with copy numbers lower than the linear range (30 copies) of the NTU 101 strain-specific qPCR system were subsequently excluded as not detectable (ND). For samples of pure NTU 101 cultures, the threshold of the Ct contrast was set at 6.0, which means that the Ct contrast of a sample must be <6.0 for a result to be positive. If samples contained either multiple or unknown strains (such as LFY zero-fat yogurt) the copy number of A3-5 must be >300 copies to be a positive result, since the highest copy number detected in a false positive sample was 241 copies (3.0 Â 10 5 /1245).
Real food sample tests
Four commercial yogurt products, one prebiotic product (Vigiis 101-lactobacillus) and NTU 101 genomic DNA (as control) were analyzed in real food sample tests. Data revealed that only the NTU 101-containing samples LFY zero-fat yogurt and Vigiis 101-lactobacillus showed significant Ct A3-5 in the range of the standard curve (31.99e18.95). In addition, two yogurt samples (LFY zerofat and LCA506) had significant Ct values in the range of the tuf qPCR standard curve (34.60e20.00) ( Tables 4 and  5 ). Therefore, we concluded that only the NTU 101-containing samples were positive.
Discussion
Routine purification and cultivation of LAB typically require 4e7 days, which nearly one third of shelf life of most yogurt products. Moreover, it usually takes additional time to identify a LAB species if necessary. Rapid LAB quantification methods such as strain-specific qPCR are valuable to LAB food quality control. RAPD-PCR can be used to identify strain-specific molecular markers in order to design strain-specific primer pairs. 22 Strain-specific qPCR methods derived from RAPD markers have been successfully developed for LAB enumeration. 4e6 The NTU 101 strain-specific PCR primers A3-5F3/A3-5R3 were designed based on the DNA sequence of the unique RAPD marker A3-5. Sequence analysis of the A3-5R3 binding site (the second NTU 101-specific site) revealed a sequence that had uneven GC content, contained two palindromes, and was both secondary structure (hairpin forming DG Z À6.0 kcal mol À1 ) and dimer forming (two types of dimer with DG Z À5.1 kcal mol À1 ). The problematic NTU 101-specific site suggests that feasible strainspecific sites might not always be available for qPCR assays due to the unpredictable nature of strain-specific DNA sequences. Therefore, simple qPCR strategies using two conventional primers are not always adequate for problematic sequences such as the NTU 101 strain-specific site identified in the current study ( Fig. 1(A) ).
Several techniques including competitive blocker-PCR, 23 blocker-PCR, 24, 25 locked nucleic acids, 25, 26 allele-specific kinetic PCR with modified polymerases, 27 restriction enzymes in combination with qPCR, 28 amplification refractory mutation system PCR, 29 TaqMAMA, 30 fluorescent amplicon generation PCR, 31 and ASB-PCR 7 have been developed to detect DNA sequence mutations. In this study, several robust allele-specific PCR designs, including optimized mismatched allele-specific primers 19 and ASB-PCR, 7 were incorporated into the NTU 101 strain-specific qPCR.
In the NTU 101 strain-specific qPCR assay, the forward mismatched primer A3-5F2at and the reverse mismatched TaqManR probe A3-5PR1 were designed based on the concept of allele-specific mismatched primers. The universal reverse primer A3-5 RU was designed according the general criteria of qPCR primers to function with A3-5F2at and A3-5PR1. The blocker oligo (3 0 -phosphorylated) A3-5AB2 and the competitive primer A3-5ABR3 were designed according to the consensus sequence of non-NTU 101 L. casei/paracasei (Fig. 1(B) ) to compete with primer A3-5F2at and probe A3-5PR1, respectively. The optimized doses of the blocker oligos AB2 and A3-5ABR3 significantly contributed to the specificity of the qPCR assay ( Fig. 1(B) ).
The interactions among nucleotide mismatch, primer purity, and the possibility of similar DNA sequences in close strains, combined with the high sensitivity of qPCR, make some non-specific PCR amplification unavoidable in some strain-or allele-specific qPCR assays. 7, 24, 32 The most of probiotic products were not pure LAB powder, which causes non-LAB DNA present in the total DNA sample of probiotic products. Meanwhile, presence of mixed strains of LAB are common in probiotic products. Because the ratio of template DNA to A3-5 copy number could not be used for discrimination of NTU 101 from other LAB strains, weak non-specific background of A3-5 qPCR signal of high cell number non-NTU 101 strain may be presented as low cell number of NTU 101. For these reason, the "Ct contrast" approach was introduced to increase the discrimination power of qPCR system.
The spike in tests showed that the NTU 101 strainspecific qPCR system was satisfactory for complex food matrix. It not only suggest that weak background signals did not compromise the specificity of the results in real sample tests, but also confirmed the potential of the NTU 101 strain-specific qPCR system for analyzing real food samples. Although the NTU 101 strain-specific qPCR system is not designed for viable cell quantification, it could be addressed with incorporation of propidium monoazide treatment. 33 In this study, we demonstrated that the twocomponent, "Ct contrast" approach is useful for qPCR discrimination when ideal PCR targets are not available or when the variance at target sites is unpredictable. The Ct contrast approach might useful for other difficult qPCR targets. .
